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ABSTRACT 

The ever  dec reas ing  s i z e  and i n c r e a s i n g  complexity of 

e l e c t r o n i c  m i c r o c i r c u i t r y  i m p l i e s  t h e  need f o r  new t e s t i n g  

methods f o r  c i r c u i t s  t o o  small f o r  t h e  use  of mechanical probes ,  

and t o o  complex f o r  f u n c t i o n a l  t e s t i n g  l i m i t e d  t o  i n p u t  and 

ou tpu t  t e rmina l s .  This  pape r  cons ide r s  t h e  f e a s i b i l i t y  of 

va r ious  methods of u s ing  e l e c t r o n  beams t o  in t roduce  s i g n a l s  

and sense  p o t e n t i a l s  a t  a r b i t r a r y  p o i n t s  i n  a m i c r o c i r c u i t .  

These techniques ,  which a re  compatible wi th  e l e c t r o n  and ion  

beam f a b r i c a t i o n  p rocesses ,  a r e  capable  of provid ing  m u l t i p l e  

i n p u t s  and o u t p u t s  w i th  c u r r e n t s  c l o s e  t o  one microampere i n  

one micron s i z e  s p o t s .  It i s  shown t h a t  c i r c u i t  p o t e n t i a l s  

may be  a c c u r a t e l y  determined us ing  e i t h e r  mi r ro r  microscopy 

o r  secondary e l e c t r o n  energy d i s t r i b u t i o n s .  The t echn iques  

should make very  large a r r a y s  of ve ry  small components prac- 

t i c a l  by a l lowing  i n  s i t u  d i s c r e t i o n a r y  wir ing  t o  proceed con- 

c u r r e n t l y  wi th  t e s t i n g .  
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ELECTRON MICROBEAM TESTING OF INTEGRATED CIRCUITS 

By C .  K. Crawford 

Massachuset ts  I n s t i t u t e  of Technology 
Cambridge, Massachuset ts  

INTRODUCTION 

Driven by t h e  advantages of lower c o s t ,  increased  r e l i a b i l i t y ,  

reduced weight ,  and g r e a t e r  packing d e n s i t y ,  t h e  s i z e  of e l e c t r o n i c  

c i r c u i t r y  h a s  r a p i d l y  been reduced. Subjec t  t o  c o n s t r a i n t s  imposed 

'y power d i s s i p a t i o n ,  c i r c u i t  impedence and o t h e r  d e v i c e  l i m i t a t i o n s ,  

and t h e  c o n s t r a i n t s  imposed by the f a b r i c a t i o n  and t e s t i n g  technology, 

t h i s  t r e n d  i s  l i k e l y  t o  cont inue .  The i n c r e a s e d  complexity a t  reduced 

l - n s t ,  which appears  t o  b e  a fundamental r e s u l t  of s m a l l  component 

s i z e ,  may b e  expected t o  produce wide new a p p l i c a t i o n s  f o r  e l e c t r o n i c  

1 -  i r c u i t r y  . 
I n  o r d e r  t o  make f u r t h e r  s i z e  r e d u c t i o n  p r a c t i c a l ,  many problems 

must b e  so lved .  While e l e c t r o n  and i o n  induced r e a c t i o n s  have been 

shown t o  permit  f a b r i c a t i o n  techniques w i t h  r e s o l u t i o n  l i m i t s  f a r  b e t t e r  

than  those  a c t i v a t e d  by l i g h t ,  much f u r t h e r  work w i l l  b e  r e q u i r e d  b e f o r e  

t h i s  technology comes i n t o  genera l  use.  

t e s t i n g  techniques  w i l l  be inadequate i f  component s i z e  is s i g n i f i c a n t l y  

reduced. 2 5 y 2 6  

methods, based on t h e  technology of charged p a r t i c l e  o p t i c s ,  which are 

It i s  a l s o  c lear  t h a t  p r e s e n t  

It i s  t h e  purpose of  t h i s  paper  t o  propose new t e s t i n g  

s u i t a b l e  f o r  t e s t i n g  very  l a r g e  a r r a y s  of u l t r a - m i n i a t u r e  components. 

LIMITATIONS ON PRESENT TESTING TECHNIQUES 

Product ion t e s t i n g  of m i c r o c i r c u i t s  is  c u r r e n t l y  performed mech- 

a n i c a l l y  by c o n t a c t  wi th  t h e  pads intended f o r  bonding t h e  c i r c u i t  t o  i t s  

header .  While t h i s  method i s  completely s u i t a b l e  f o r  t e s t i n g  s imple and 
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r e l a t i v e l y  l a r g e  th in- f i lm m i c r o c i r c u i t s ,  s e v e r a l  d i f f i c u l t i e s  h inder  

i t s  u s e  w i t h  more complex c i r c u i t s  composed of u l t r a - m i n i a t u r e  components: 

1. The number of c o n t a c t  pads c u r r e n t l y  provided f o r  i n p u t  and 

output  i s  n o t  s u f f i c i e n t  f o r  e f f i c i e n t  t e s t i n g  of complex networks.  

Consider f o r  example an L S I  a r r a y  composed of 100 b inary  elements;  

t h e s e  elements  t o  be  connected i n  some a r b i t r a r y  way. To t es t  t h i s  

c i r c u i t  as a system, using i t s  inpu t s  and o u t p u t s ,  r e q u i r e s  t e s t i n g  a 

l a r g e  f r a c t i o n  of t h e  system s t a t e s ,  and i n  t h e  worst  case t h e  c i r c u i t  

may have up t o  2''' ( "  10 system states. Obviously performing such 

a number of tests i s  n o t  p r a c t i c a l .  I f  t h e  i n d i v i d u a l  elements and 

i n t e r c o n n e c t i o n s  were t e s t e d  s e p a r a t e l y  however, only a few hundred 

(10 t o  10 ) tests would b e  required.  To make such tests however i t  

would be  necessary  t o  i n j e c t  test v o l t a g e s  and c u r r e n t s  d i r e c t l y  i n t o  

t h e  c i r c u i t ,  as w e l l  as t o  sense  both v o l t a g e s  and c u r r e n t s  w i t h i n  t h e  

c i r c u i t .  S ince  i t  does n o t  appear t o  be  p o s s i b l e  t o  b u i l d  mechanical 

testers o r  probes capable  of probing t h e  i n t e r i o r  of a m i c r o c i r c u i t ,  

p a r t i c u l a r l y  i f  component s i z e  is s i g n i f i c a n t l y  reduced, new t e s t i n g  

methods must b e  found. 

assume 

30 

2 3 

2. Contact pads are p r e s e n t l y  on t h e  o r d e r  of  1 0 0 ~  o r  l a r g e r  i n  

d iameter ,  t h u s  t h e  t o t a l  number of c o n t a c t s  i s  l i m i t e d  t o  t h e  o r d e r  of 

s e v e r a l  dozen a t  most. A s  c i r c u i t r y  decreases  i n  s i z e  many more input  

and o u t p u t  connect ions w i l l  probably b e  d e s i r e d ,  f o r c i n g  a r e d u c t i o n  i n  

c o n t a c t  pad s i z e .  I f  t h e s e  c o n t a c t s  are t o  b e  used f o r  mechanical tes t  

probes as w e l l  as f i n a l  wi r ing ,  i t  i s  d i f f i c u l t  t o  see how t h e i r  s i z e  

can b e  reduced by even one o r d e r  of magnitude. 

3 .  A s  t h e  number of components becomes l a r g e ,  t h e  problem of 

r e l i a b i l i t y  becomes a c u t e  i f  a c i r c u i t  i s  t o  b e  r e j e c t e d  f o r  o n l y  one 

(o r  a few) d e f e c t s .  While i t  i s  p o s s i b l e  (and o f t e n  d e s i r a b l e )  t o  u s e  
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redundancy t o  improve r e l i a b i l i t y ,  t h e  use of d i s c r e t i o n a r y  w i r i n g  pro- 

v i d e s  a much h ighe r  y i e l d  without i n c r e a s i n g  t h e  number of components. 

I n  a d d i t i o n ,  d i s c r e t i o n a r y  wir ing  a l lows  t h e  f a b r i c a t i o n  of c i r c u i t s  f o r  

many d i f f e r e n t  f u n c t i o n s ,  u s ing  only one set of b a s i c  c i r c u i t s  which 

can be  depos i t ed  i n  a s i n g l e  master p a t t e r n .  This  l a t t e r  advantage 

becomes p a r t i c u l a r l y  s i g n i f i c a n t  w i t h  L S I  a r r a y s  which r e q u i r e  very  

complicated p a t t e r n s .  Unfor tuna te ly ,  t h e  p r e s e n t  mechanical t e s t i n g  

techniques  and t h e  p r e s e n t  t h i n  f i l m  i n t e r c o n n e c t i n g  methods r e q u i r e  

ve ry  d i f f e r e n t  appa ra tus  and environments; t e s t i n g  t a k e s  p l a c e  under a n  

o p t i c a l  microscope, w h i l e  i n t e rconnec t ions  are made i n  h igh  vacuum. 

cause  of t h i s  i n c o m p a t i b i l i t y ,  t h e  two p rocesses  cannot  proceed concur- 

r e n t l y ;  hence t h e  p r e s e n t  a t t e m p t s  a t  d i s c r e t i o n a r y  w i r i n g  have been 

complex, l i m i t e d  i n  f l e x i b i l i t y ,  and t o  a l a r g e  e x t e n t  economically un- 

s u c c e s s f u l .  A t e s t i n g  t echn ique  which i s  compat ib le  w i t h  d i s c r e t i o n a r y  

w i r i n g ,  t o  a l low wi r ing ,  t e s t i n g ,  and r ewi r ing  t o  proceed i n  a n  a r b i t r a r y  

way, would posses s  s u b s t a n t i a l  advantage. 

Be- 

These d i f f i c u l t i e s  s t r o n g l y  sugges t  s ea rch ing  f o r  o t h e r  means of 

t e s t i n g  c i r c u i t s  which are more e a s i l y  s c a l e d  t o  small  s i z e ,  more amen- 

a b l e  f o r  u se  wi th  l a r g e  s c a l e  a r r a y s ,  and which are compat ib le  wi th  some 

s o r t  of d i s c r e t i o n a r y  wi r ing  scheme. S ince  it  i s  probable  t h a t  micro- 

c i r c u i t s  w i l l  be  f a b r i c a t e d  us ing  e l e c t r o n  and ion  beams w i t h i n  a few 

y e a r s  (because of improved r e s o l u t i o n  and f l e x i b i l i t y ) ,  i t  seems n a t u r a l  

t o  t r y  t o  use  charged p a r t i c l e  o p t i c s  (CPO) t o  perform t h i s  t e s t i n g .  

P a r t i c l e  beams, and e l e c t r o n  beams i n  p a r t i c u l a r ,  have a l r e a d y  been used 

f o r  a s u b s t a n t i a l  amount of m i c r o c i r c u i t  t e s t i n g .  B e a m s  have f r e q u e n t l y  

been used t o  i n s p e c t  m i c r o c i r c u i t s  u s ing  scanning e l e c t r o n  microscopes,  

m i r r o r  microscopes,  and X-ray microprobes. These t echn iques  are u s e f u l  
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J and 27-36 
e l l  developed. Thus f a r  how rer, t h  ir use  has been l i m i t e d  

t o  i n d i r e c t  t e s t i n g ,  t h a t  i s  t e s t i n g  which obse rves  s t r u c t u r e s  and 

v o l t a g e s  i n  t h e  c i r c u i t  b u t  makes no a t t empt  t o  i n t r o d u c e  e i t h e r  s i g n a l s  

o r  s t r u c t u r a l  changes d i r e c t l y  by means of t h e  beam. 

DESIGN CONSIDERATIONS AND POTENTIAL ADVANTAGES OF CPO TESTING 

Seve ra l  p o t e n t i a l  methods of b u i l d i n g  a c t i v e  CPO t e s t i n g  systems, i n  

which m u l t i p l e  s i g n a l s  could b e  d i r e c t l y  i n j e c t e d  i n t o  t h e  c i r c u i t  w i th  

s imul taneous  o b s e r v a t i o n  of c i r c u i t  p o t e n t i a l s  and d i s c r e t i o n a r y  w i r i n g  

c a p a b i l i t y ,  were cons idered .  These i n c l u d e  systems u t i l i z i n g  bo th  e l ec -  

t r o n s ,  i o n s  and photons,  systems which u t i l i z e  both  h igh  and low accel- 

e r a t i n g  v o l t a g e s ,  systems wi th  scanning single-beam o p t i c s ,  multi-beam 

o p t i c s ,  image o p t i c s  and p a r a l l e l  o p t i c a l  channels.  All t h e s e  methods 

are  n e c e s s a r i l y  much more complicated than  t h e  s imple  i n t r o d u c t i o n  of tes t  

s i g n a l s  by means of a mechanical c o n t a c t .  I n  e f f e c t  they  can b e  viewed 

a s  a means of buying more r e l i a b l e  and more s o p h i s t i c a t e d  m i c r o c i r c u i t r y  

a t  t h e  expense of g r e a t l y  increased  tester complexity. 

Though many p o s s i b l e  systems could  b e  made t o  work, one b a s i c  i d e a ,  

t h e  use  of e l e c t r o n  beams i n  a multi-beam geometry a t  e l e c t r o n  e n e r g i e s  i n  

t h e  neighborhood of 10 KeV, seems s u p e r i o r  t o  a l l  o t h e r s  cons idered .  The 

s t u d y  i s  obvious ly  n o t  complete (a good f r a c t i o n  of t h e  b e s t  i d e a s  are 

always mis sed ) .  

geometry are developed below. 

The reasons  f o r  t h e  cho ice  of a n  e l e c t r o n  multibeam 

Ac t ive  CPO t e s t i n g  i s  s u b j e c t  t o  s e v e r a l  fundamental l i m i t s  as 

w e l l  as numerous engineer ing  problems. Among t h e  d e c i s i o n s  t o  be  made i n  

des ign ing  such  a system are 

(1) The cho ice  of t h e  type  of charged p a r t i c l e  t o  be used. While 
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e l e c t r o n s  are by f a r  t h e  easiest t o  gene ra t e  and c o n t r o l ,  both e l e c t r o n s  

and ions  have s t r o n g  advantages and d isadvantages .  

( 2 )  The cho ice  of an o p t i c a l  sys t em t o  d e l i v e r  t h e  c u r r e n t  where 

r e q u i r e d ,  and t h e  cho ice  of appropr i a t e  p a r t i c l e  energy. Problems con- 

ce rn ing  perveance, b r i g h t n e s s ,  power d i s s i p a t i o n ,  breakdown, s u r f a c e  con- 

tamina t ion ,  and secondary p a r t i c l e s ,  must a l l  b e  considered.  

(3 )  The cho ice  of a method f o r  a c c u r a t e l y  measuring c i r c u i t  v o l t a g e s ,  

(vo l t ages  r e s u l t i n g  e i t h e r  from i n j e c t e d  c u r r e n t s  o r  from o p e r a t i o n  of t h e  

m i c r o c i r c u i t r y ) .  

c i r c u i t ,  target vo l t age  information must b e  used i n  a feedback loop i n  

o r d e r  t o  make t h e  beam look l i k e  a v o l t a g e  source  (normally such a beam 

looks  l i k e  a c u r r e n t  sou rce ) .  

on ly  p r a c t i c a l  way of ob ta in ing  outputs  from t h e  i n t e r i o r  of a m i c r o c i r c u i t .  

I f  i t  i s  des i red  t o  i n t r o d u c e  v o l t a g e  s i g n a l s  i n t o  t h e  

Sensing v o l t a g e s  would a l s o  appear  t o  be t h e  

( 4 )  Choice of a method t o  uniquely i d e n t i f y  v a r i o u s  beams and c u r r e n t s ,  

i f  s e v e r a l  beams are t o  be  used s imultaneously.  

(5) Choice of techniques for  d i s c r e t i o n a r y  wi r ing ,  which a r e  com- 

p a t i b l e  w i th  t h e  ene rg ie s ,  cu r ren t  d e n s i t i e s ,  and p a r t i c l e  types  used t o  

make tests. 

( 6 )  Choice of techniques t o  suppress  e f f e c t s  (when necessary)  such 

as s u r f a c e  contaminat ion,  secondary emission,  excess ive  power d i s s i p a t i o n ,  

unwanted s p u t t e r i n g ,  unwanted carrier i n j e c t i o n  a t  j u n c t i o n s ,  and unwanted 

i o n  implanta t ion .  

( 7 )  The choice  of component t y p e ,  s i z e ,  and c u r r e n t  l e v e l ,  t o  b e  

compatible  wi th  CPO f a b r i c a t i o n ,  t e s t i n g ,  and d i s c r e t i o n a r y  wir ing  tech-  

n iques .  

t h e  types  of  components which can be used,  when component s i z e  dec reases  

below t h a t  compatible wi th  mechanical o r  l i g h t  o p t i c a l  techniques.  

L imi t a t ions  due t o  charged par t ic le  o p t i c s  may w e l l  determine 
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VOLTAGE, CURRENT AND SPOT S I Z E  

Seve ra l  fundamental well-known r e l a t i o n s h i p s  l i m i t  t h e  c u r r e n t ,  

g iven  an  a c c e l e r a t i n g  v o l t a g e  and s p o t  s i z e ,  f o r  a charged par t ic le  

beam bombarding a material sur face .  37-40 

i s  d e s i r e d  t o  o b t a i n  t h e  maximum c u r r e n t  w i th  minimum power d i s s i p a t i o n  

and minimum u n d e s i r a b l e  s i d e  e f f e c t s .  These c o n s t r a i n t s ,  p l u s  a knowledge 

of what c o n s t i t u t e s  a minimum s a t i s f a c t o r y  beam c u r r e n t ,  imply t h e  cho ice  

of p a r t i c l e  and p a r t i c l e  energy. Some of t h e s e  l i m i t s  are graphed i n  

F igu res  1 through 6 ,  where beam c u r r e n t  and c u r r e n t  d e n s i t y  are shown 

For t h e  p re sen t  a p p l i c a t i o n  i t  

as a 

T h i s  

f u n c t i o n  of a c c e l e r a t i n g  vo l t age  f o r  s i x  d i f f e r e n t  s p o t  s i z e s .  

37 An important l i m i t a t i o n  on maximum c u r r e n t  i s  set  by space  charge.  

l i m i t ,  u s u a l l y  expressed as a perveance ( c u r r e n t / v o l t a g e  3 / 2 ) ,  i s  

independent of a b s o l u t e  beam s i z e  f o r  congruent beam shapes.  For long 

t h i n  e l e c t r o n  beams i t  is  usua l ly  set by t h e  ca thode  geometry, and u s u a l l y  

l i es  i n  t h e  neighborhood of 1 uperv, however t h i s  v a l u e  may be  improved 

by a f a c t o r  of 2 o r  3 by c a r e f u l  ca thode  design. I n  p r i n c i p l e ,  much more 

s u b s t a n t i a l  improvement could be made by us ing  space  charge  n e u t r a l i z a t i o n ,  

b u t  i n  p r a c t i c e ,  s t a b i l i z a t i o n  of t h e  n e u t r a l i z i n g  charge  i s  hard  t o  

o b t a i n .  A t  very  low v o l t a g e s  the  perveance l i m i t  may be overcome by 

u s i n g  g r ided  a p e r t u r e s ;  un fo r tuna te ly  a t  h ighe r  ene rg ie s  t h e  g r i d s  are 

des t royed  by beam hea t ing .  A perveance l i m i t  corresponding t o  1 uperv 

has  been p l o t t e d  i n  each of t h e  graphs. 

A second (and f o r  s m a l l  spot s i z e ,  more important)  l i m i t a t i o n  on 

38,41,42 I beam c u r r e n t  i s  se t  by t h e  b r i g h t n e s s  of t h e  e l e c t r o n  source .  

The second l a w  of Thermodynamics imp l i e s  t h a t  t h e  i n t r i n s i c  b r i g h t n e s s  

a s s o c i a t e d  wi th  t h e  f l u x  of any type  of pa r t i c l e  can never be inc reased .  

For  e l e c t r o n s  i n  t h e  case  where t h e  beam energy i s  much g r e a t e r  than  t h e  
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t empera ture  c h a r a c t e r i z i n g  t h e  source  energy spread ,  t h i s  l i m i t  r e s u l t s  , 

i n  a maximum c u r r e n t  o f ;  

Here B 

energy ( v o l t s ) ,  T i s  t h e  cathode tempera ture  ( O K )  (o r  t h e  tempera ture  

a s s o c i a t e d  w i t h  t h e  c h a r a c t e r i s t i c  sou rce  energy s p r e a d ) ,  d i s  t h e  beam 

s p o t  d iameter  (cm), and CS is t h e  s p h e r i c a l  a b b e r a t i o n  c o n s t a n t  of t h e  most 

c r i t i c a l  l e n s  (cm).  For a convenient and e a s i l y  o b t a i n a b l e  e l e c t r o n  source  

( f o r  example a tungs t en  h a i r p i n  o p e r a t i n g  a t  about  3000OK) w i t h  a b r igh t -  

is  t h e  b r i g h t n e s s  of the  ca thode  (A/cmZ/steradian),  V i s  t h e  beam 
0 

ness of 1 amp/cmz/steriadian, and us ing  an  o b j e c t i v e  l e n s  wi th  a s p h e r i c a l  

a b e r r a t i o n  c o n s t a n t  of 1 cm (corresponding t o  a q u i t e  good magnetic l e n s ) ,  

t h e  maximum c u r r e n t  as a func t ion  of beam s i z e  and v o l t a g e  becomes 

i = [1.46 x lo-'' V ( v o l t s )  d 8 / 3  (P)] amperes 
max 

where d has  been conver ted  t o  microns f o r  convenience. Th i s  l i m i t  has  

a l s o  been p l o t t e d .  

on beam s i z e ,  i n  c o n t r a s t  t o  t h e  perveance l i m i t  which i s  n o t .  A l s o  n o t e  

t h a t  i t  i s  perveance which c o n t r o l s  maximum c u r r e n t  i n  l a r g e  s p o t  e l e c t r o n  

beam melters o r  we lde r s ,  whereas b r i g h t n e s s  sets t h e  l i m i t  i n  t h e  case  

of v i r t u a l l y  any type  of e l e c t r o n  microscope, and t h e  CPO tes ter  under 

c o n s i d e r a t i o n  here .  The b r i g h t n e s s  l i m i t  may be  r e l axed  from t h a t  shown 

by a t  l eas t  one t o  two o r d e r s  of magnitude by u s e  of s p e c i a l  e l e c t r o n  

sources .  43-52 Such s o u r c e s  are no t  y e t  i n  widespread use  however, l a r g e l y  

because  of problems wi th  s t a b i l i t y ;  t h e s e  problems w i l l  p robably  be 

overcome. 

Note t h a t  t h e  b r i g h t n e s s  l i m i t  i s  markedly dependent 
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Two l i m i t a t i o n s  r e s u l t  from t h e  bombardment of a m i c r o c i r c u i t  l e a d  

o r  pad s u r f a c e  by h igh  energy e l e c t r o n s :  

should come t o  rest wi th in  t h e  pad, o the rwise  t h e  s i g n a l  i s  n o t  in t roduced  

t o  t h e  pad but  where t h e  e l e c t r o n s  come t o  rest ( i f  e l e c t r o n s  p e n e t r a t e  

t h e  pad and e n t e r  t h e  semiconductor s u b s t r a t e  ho le -e l ec t ron  p a i r s  w i l l  be 

c r e a t e d ) .  

i n  t h e  pad, and t h e  r e s u l t i n g  temperature r ise  may be d e t r i m e n t a l  t o  t h e  

o p e r a t i o n  of t h e  c i r c u i t .  

F i r s t  t h e  bombarding p a r t i c l e s  

Second, most of t h e  e l e c t r o n  k i n e t i c  energy ends up as hea t  

The range  of e l e c t r o n s  and s o l i d s  has  been w e l l  s t u d i e d ,  and a v a r i e t y  

of formulas f o r  c a l c u l a t i n g  var ious  e f f e c t i v e  r anges  i n  d i f f e r e n t  energy 

ranges  e x i s t . 5 3  One s u i t a b l e  f o r  p r e s e n t  purposes i s  

R = 3.5  103 17/' ,, (3) 

where a t a r g e t  d e n s i t y  of 2 . 3  gm/cm3 (silicon) has  been assumed. 

e f f e c t i v e l y  sets t h e  r equ i r ed  pad th i ckness .  Note t h a t  t h e  a c c e l e r a t i n g  

v o l t a g e  should n o t  be so large as t o  r e s u l t  i n  a range  l a r g e r  t h a n  t h e  

s p o t  d iameter  s i n c e  t h i s  corresponds t o  a hemisphere of s c a t t e r e d  e l e c t r o n s  

i n s i d e  t h e  t a r g e t  l a r g e r  than  t h e  s p o t  d iameter .  Because t h e  diameter of 

t h i s  hemisphere corresponds t o  the  e f f e c t i v e  d iameter  of t h e  beam ( a s  f a r  

as t h e  c i r c u i t  i s  concerned),  one might j u s t  as w e l l  have used a l a r g e r  

i n c i d e n t  beam, and obta ined  more c u r r e n t .  L ines  showing t h e  v o l t a g e  a t  

which e l e c t r o n  range  becomes comparable wi th  t h e  s p o t  d iameter  are p l o t t e d  

i n  each  graph. 

This  equa t ion  

Accurate c a l c u l a t i o n  of temperature rise i n  a t e s t  pad is very  d i f f i -  

bu t  a s i m p l e  e s t ima te  i s  s u f f i c i e n t  t o  guarantee  t h a t  t h e  rise c u l t  , 54-57 

does  n o t  exceed some nominal value. Assume t h a t  t h e  t o t a l  beam power i s  

d i s s i p a t e d  uniformly as h e a t  i n  a hemisphere cen te red  a t  t h e  s u r f a c e ;  
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assume f u r t h e r  t h a t  t h e  diameter  of t h i s  hemisphere i s  equa l  t o  e i t h e r  t h e  

beam diameter  o r  t h e  e l e c t r o n  range, whichever i s  g r e a t e r .  D i rec t  c a l -  

c u l a t i o n  f o r  t h e  case i n  which the range  is  less than  t h e  beam diameter  

( t h e  well-known d i s c  h e a t i n g  model g i v e s  e s s e n t i a l l y  t h i s  r e s u l t )  shows 

t h a t  

Here K i s  t h e  thermal  conduc t iv i ty  (watts/cm°K), which i s  approximately 1 

f o r  s i l i c o n .  

a l lowab le  c u r r e n t  would be 

Thus i f  an al lowable tempera ture  rise were 1O0K, t h e  maximum 

I = 2.1 10-3 do 
V(vo1ts) amp er es (5) 

where t h e  diameter  has  aga in  been converted t o  microns and a thermal  con- 

d u c t i v i t y  of u n i t y  has  been assumed. Note t h a t  t h e  a l lowable  c u r r e n t  i s  

i n v e r s e l y  p r o p o r t i o n a l  t o  vo l t age  ( f o r  cons t an t  power). 

c a l c u l a t i o n  f o r  t h e  c a s e  of range g r e a t e r  than beam diameter  y i e l d s  a l i m i t  

The corresponding 

1 = 7 . 3  x 10-6 ( 3’4 amperes 

where t h e  a l lowab le  c u r r e n t  now a c t u a l l y  i n c r e a s e s  wi th  v o l t a g e  because t h e  

energy i s  d i s s i p a t e d  over  a l a r g e r  volume. 

much i n t e r e s t  of course ,  f o r  t h e  r easons  a l r e a d y  given.)  

c u r r e n t  expressed  by Eqs. 5 and 6 h a s  a l s o  been p l o t t e d .  

(This  l a t te r  case i s  no t  of 

The l i m i t  on 

Note t h a t  t h e s e  equa t ions  are very  approximate;  Eq. 4 may be conser- 

v a t i v e  by a f a c t o r  of as much as 5 due t o  e l e c t r o n  back s c a t t e r i n g  and 

o t h e r  e f f e c t s  descr ibed  by Wells. 

made f o r  t h e  f a c t  t h a t  t h e  c i r c u i t  may be  bombarded by s e v e r a l  beams 

s imul t aneous ly ,  which means t h a t  t h e  s e m i - i n f i n i t e  s o l i d  approximation i s  

On t h e  o t h e r  hand no al lowance has  been 
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n o t  very  v a l i d .  

assumed f o r  t h e  c h i p ,  and c l e a r l y  t h i s  i s  n o t  realist ic.  L a s t l y  t h e  cal- 

c u l a t i o n  assumes a s t eady  beam. I f  t e s t i n g  were accomplished us ing  s h o r t  

p u l s e s  (which i s  n a t u r a l  f o r  a d i g i t a l  c i r c u i t )  and i f  t e s t i n g  could b e  

completed i n  a s m a l l  f r a c t i o n  of a second, much h ighe r  power d e n s i t i e s  

could be  t o l e r a t e d .  

In a d d i t i o n ,  uniform i s o t r o p i c  h e a t  c o n d u c t i v i t y  has  been 

It may now be  seen  from t h e  graphs  t h a t  f o r  a 1 micron s p o t  ( a  par- 

t i c u l a r l y  s u i t a b l e  s i z e  f o r  m i c r o c i r c u i t  t e s t i n g )  t h a t  t h e  l i m i t  on c u r r e n t  

is  determined b a s i c a l l y  by t h e  l i m i t a t i o n s  of e l e c t r o n  b r i g h t n e s s  and 

e l e c t r o n  range ,  wh i l e  t h e  temperature rise p l a c e s  ano the r  r e s t r i c t i o n  a t  

e s s e n t i a l l y  t h e  same l e v e l .  The most a p p r o p r i a t e  beam energy t o  run  f o r  

m a x i m u m  c u r r e n t  would appear t o  b e  5 t o  10 k i l o v o l t s .  

It i s  worthwhile t o  cons ider  t h e  appearance t h e s e  graphs would assume 

i f  i o n s  r a t h e r  than  e l e c t r o n s  had been used. Seve ra l  fundamental d i f f e r -  

ences  may be  seen. The perveance l i m i t s  f o r  i o n s  i s  more r e s t r i c t i v e  than  

f o r  e l e c t r o n s  because t h e  a l lowable  c u r r e n t  depends i n v e r s e l y  on t h e  s q u a r e  

r o o t  of t h e  p a r t i c l e  mass. 

c u r r e n t  i s  down by a f a c t o r  of 4 3 ,  f o r  Argon it i s  down by a f a c t o r  of 270, 

etc.  

energy, l a r g e  d iameter  beams. 

Thus f o r  monatomic Hydrogen t h e  a l lowab le  

The perveance l i m i t  i s  again t h e  important one when des igning  high- 

The i n t r i n s i c  b r i g h t n e s s  of an  i o n  source  depends markedly on t h e  means 

of producing i o n i z a t i o n ,  which i n  t u r n  depends upon t h e  type  of ion .  

i t  i s  d i f f i c u l t  t o  make g e n e r a l  s ta tements .  Unfor tuna te ly  however, t h e  

types  of ion  sources  which do have h igh  i n t r i n s i c  b r i g h t n e s s  tend t o  b e  

e i t h e r  very l i m i t e d  as t o  t h e  t y p e s  of i o n s  they  can a c c e l e r a t e  ( f o r  

example s u r f a c e  i o n i z a t i o n  types ) ,  o r  depend upon high i n t e n s i t y  gas  

d i s c h a r g e s  (which gene ra t e  l a r g e  gas l o a d s ) .  

Hence 
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The power d e n s i t y  l i m i t  f o r  i o n  beams is  t h e  same as t h a t  f o r  a n  

e l e c t r o n  beam, except t h a t  t h e  ion range  is  approximately two o r d e r s  of 

magnitude s h o r t e r  f o r  t h e  same energy. 

used wi thout  p e n e t r a t i n g  t h e  con tac t  pad. 

imp lan ta t ion  and s p u t t e r i n g ,  must b e  cons idered .  

o b t a i n a b l e  on t h e  1 u  graph (Fig.  3) f o r  example would, i f  i o n s  were used, 

s p u t t e r  r i g h t  through a l u  t h i c k  pad i n  a few mi l l i s econds .  

Thus much h i g h e r  e n e r g i e s  may be  

Two o t h e r  new e f f e c t s  however, 

The c u r r e n t  d e n s i t i e s  

SENSING CIRCUIT POTENTIALS 

Given t h a t  i t  is  p o s s i b l e  t o  i n j e c t  s u f f i c i e n t  c u r r e n t  i n t o  a c o n t a c t  

pad f o r  m i c r o c i r c u i t  t e s t i n g  purposes,  t h e  o t h e r  c r u c i a l  element necessa ry  

f o r  success  i s  t h e  a b i l i t y  t o  ob ta in  ou tpu t  s i g n a l s  from t h e  c i r c u i t .  

There are several p o s s i b l e  ways of ach iev ing  t h i s .  

In t h e  s i m p l e s t  case t h e  output  c i r c u i t r y  might be  a l r e a d y  wired i n ,  

s i n c e  a g r e a t  d e a l  of in format ion  can be  ob ta ined  about t h e  o p e r a t i o n  of 

t h e  c i r c u i t  by t h e  i n t r o d u c t i o n  o f  test s i g n a l s  a t  p o i n t s  o t h e r  than  t h e  

i n p u t .  Th i s  method has  s e v e r a l  d i sadvantages  however. F i r s t ,  i t  i s  ob- 

v i o u s l y  more f l e x i b l e  t o  read out s i g n a l s  a t  any p o i n t  i n  t h e  c i r c u i t .  

Second, wh i l e  it may b e  p o s s i b l e  t o  provide  power connec t ions  t o  t h e  c i r c u i t  

( t h a t  i s  one v o l t a g e  supply and ground),  i t  would be  d i f f i c u l t  t o  provide  

m u l t i p l e  ou tpu t  l e a d s  t o  c i r c u i t r y  which is s t i l l  i n  t h e  f a b r i c a t i o n  s ta te  

( i . e . ,  many c h i p s  i n  a l a r g e  wafer ) .  Thi rd ,  t h e  a b i l i t y  t o  measure poten- 

t i a l s  anywhere i n  t h e  m i c r o c i r c u i t  g r e a t l y  f a c i l i t a t e s  t h e  i n t r o d u c t i o n  

of v o l t a g e  test s i g n a l s , s i n c e  the p o i n t  a t  which t h e  beam c u r r e n t  i s  

i n j e c t e d  may b e  monitored and the informat ion  used t o  c o n t r o l  t h e  beam 

c u r r e n t .  If t h i s  i s  n o t  poss ib l e ,  t h e  t es t  v o l t a g e  must be  i n f e r r e d  from 

t h e  tes t  c u r r e n t  and a knowledge of c i r c u i t  impedence, and u n f o r t u n a t e l y  

t h e  c i r c u i t  impedence may n o t  be known. 

beam c u r r e n t  i n t o  t h e  tes t  pad may be  hard  t o  determine. 

I n  some cases even t h e  a c t u a l  n e t  



-12- 

P o t e n t i a l s  w i t h i n  t h e  c i r c u i t  may b e  determined us ing  charged par- 

t i c l e  o p t i c s  i n  e i t h e r  of two gene ra l  methods. 

sensed by t h e i r  e f f e c t  on charged par t ic les  moving c l o s e  t o  t h e  s u r f a c e ,  

as i n  an e l e c t r o n  m i r r o r  microscope. 

be sensed by observ ing  t h e  energy spectrum of charged p a r t i c l e s  emi t ted  

from t h e  s u r f a c e .  

t i a l s  f o r  an e n t i r e  c i r c u i t  a l l  a t  once (and t h u s  making f a u l t s  easy  f o r  

a human observer  t o  see), however a r e l a t i v e l y  complicated image-to-test- 

p o i n t  conve r t e r  would be  r equ i r ed  t o  u t i l i z e  t h i s  i n fo rma t ion  i n  a n  au tomat ic  

system. The cha rged-pa r t i c l e  emission method can avoid  t h i s  d i f f i c u l t y ,  

b u t  r e q u i r e s  some mechanism t o  make t h e  c i r c u i t  e m i t  p a r t i c l e s .  Such 

emission however can be  achieved i n  a l a r g e  v a r i e t y  of ways. 

The p o t e n t i a l s  may be  

O r  a l t e r n a t i v e l y ,  t h e  p o t e n t i a l s  may 

Mir ror  microscopy has t h e  advantage of d i s p l a y i n g  poten- 

E lec t ron  and/or i o n  emission can be induced from any s u r f a c e  by t h e  

bombardment of photons,  i o n s ,  o r  e l e c t r o n s  (o r  even f a s t  n e u t r a l s ) ,  and 

by t h e  a p p l i c a t i o n  of h e a t  o r  high e l e c t r i c  f i e l d s .  The energy s p e c t r a  

of a l l  t h e s e  emi t ted  par t ic les  conta ins  informat ion  which may be  used t o  

de te rmine  s u r f a c e  p o t e n t i a l s  t o w i t h i n a  f r a c t i o n  of  a v o l t .  S ince  t h e  

c i r c u i t  i s  a l r e a d y  be ing  bombarded wi th  e l e c t r o n s  as a means of test 

c u r r e n t  i n j e c t i o n ,  i t  seems a natural cho ice  t o  use  t h e  secondary e l e c t r o n s  

r e s u l t i n g  from t h i s  bombardment t o  de te rmine  s u r f a c e  p o t e n t i a l s  ( i n  a 

manner similar t o  t h a t  f r e q u e n t l y  used i n  scanning e l e c t r o n  microscopes).  

A very  l a r g e  amount of experimental  work on secondary e l e c t r o n  emission 

has  been done. 58-64 

m e t a l  and t h e  energy spectrum of t h e s e  e l e c t r o n s  are shown i n  Fig. 7 .  

Note s e v e r a l  f e a t u r e s .  A t  h igh  primary e n e r g i e s  (necessary  t o  o b t a i n  t h e  

r e q u i r e d  c u r r e n t ) ,  the  y i e l d  i s  usua l ly  less than  one, i . e . ,  t h e  number of 

secondary e l e c t r o n s  emi t t ed  i s  less than  t h e  number of bombarding e l e c t r o n s .  

Typ ica l  curves f o r  t h e  secondary e l e c t r o n  y i e l d  of a 
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Al so ,  t h e  secondary e l e c t r o n s  may b e  roughly d iv ided  i n t o  two groups: 

e l a s t i c l y  r e f l e c t e d  primaries along wi th  p r i m a r i e s  which have undergone 

s m a l l  characteristic energy l o s s e s ,  and t r u e  secondar i e s  which have up t o  

a few t e n s  of v o l t s  energy. S ince  t h e  minimum k i n e t i c  energy a secondary 

e l e c t r o n  can have i s  zero  energy a t  t h e  e m i t t i n g  s u r f a c e ,  t h e  d i s t r i b u t i o n  

c u t s  o f f  ve ry  s h a r p l y  a t  t h i s  po in t .  

t h e  p o s i t i o n  of t h i s  c u t o f f ,  o r  even b e t t e r ,  a method t o  produce a c u r r e n t  

o r  v o l t a g e  s i g n a l  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  s u r f a c e  p o t e n t i a l .  

p o s s i b l e  method would b e  t o  a c c e l e r a t e  a l l  secondary e l e c t r o n s  through a 

s m a l l  f i x e d  p o t e n t i a l ,  and then  pass them through a p a r a l l e l  p lane  energy 

a n a l y z e r  equipped w i t h  an a r e a  c o l l e c t o r .  

des igned  t o  c o l l e c t  a l l  e l e c t r o n s  w i t h  e n e r g i e s  below a s p e c i f i e d  v a l u e ,  

and t h e  o u t p u t  c u r r e n t  would then  be a monotonicly i n c r e a s i n g  f u n c t i o n  of 

pad v o l t a g e ,  provided t h a t  vo l t age  always remains w i t h i n  a r easonab le  vol- 

t a g e  (5 v o l t s  perhaps) of ground. 

What is  needed i s  a method of s ens ing  

One 

The area c o l l e c t o r  would be  

I n  moni tor ing  several s u r f a c e  p o t e n t i a l s  s imul taneous ly  by use  of 

secondary e l e c t r o n  spectra, a means of c o r r e l a t i n g  s p e c t r a  w i t h  t h e  v a r i o u s  

i n d i v i d u a l  pads i s  requ i r ed .  Since t h e  test  p o i n t s  are very  c l o s e  to-  

g e t h e r  t h e  secondary c u r r e n t s  from a l l  of them w i l l  e a s i l y  p a s s  through t h e  

same secondary e l e c t r o n  a n a l y z e r ;  i n  f a c t  t h e  e n t i r e  m i c r o c i r c u i t ,  because 

of i t s  s i z e ,  w i l l  act e s s e n t i a l l y  as a p o i n t  sou rce  f o r  t h e  ana lyze r .  Per- 

haps t h e  s i m p l e s t  way t o  s e p a r a t e  and i d e n t i f y  t h e  secondary c u r r e n t s  

coming from v a r i o u s  pads would be t o  add a low l e v e l  ampl i tude  modulation 

s i g n a l  w i th  a c h a r a c t e r i s t i c  frequency t o  t h e  beam h i t t i n g  each pad. I f  

t h i s  modulation w a s  l i m i t e d  t o  a f e w  p e r  c e n t ,  t h e  m i c r o c i r c u i t  ( p a r t i c u l a r l y  

d i g i t a l  c i r c u i t s )  would i g n o r e  i t ,  b u t  t h e  energy ana lyze r  could i d e n t i f y  

secondary e l e c t r o n s  by means of c h a r a c t e r i s t i c  f r equenc ie s .  A diagram of 
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one p o s s i b l e  arrangement of such a system i s  shown i n  Fig.  8. 

t a n t  l i m i t a t i o n  on such a systemwould be t h e  bandwidth wi th  which d ig-  

i t a l  informat ion  can be  i n j e c t e d  o r  e x t r a c t e d  on each beam. 

t i m e  spreads  f o r  beam e l e c t r o n s  a r e  very s h o r t  ( i f  a p p r o p r i a t e  modulating 

s t r u c t u r e s  are  provided,  beams could c a r r y  informat ion  i n  t h e  g igacyc le  

r ange ) ,  sens ing  t a r g e t  p o t e n t i a l s  a t  high frequency seems ou t  of t h e  ques t ion .  

F i r s t  , t h e  secondary c u r r e n t s  w i l l  b e  small  (perhaps 10’8A) ; second, 

modulation f r equenc ie s  are l imi ted  by s igna l - to-noise  and t h e  obvious con- 

s t r a i n t  t h a t  t h e r e  must b e  many e l e c t r o n s  i n  each c y c l e  of each t r a c e r  s i g n a l ;  

t h i r d ;  t h e  d e t e c t o r  ou tput  e l e c t r o n i c s  w i l l  be  seve re ly  l i m i t e d  i n  i t s  

frequency response by t h e  output  f i l t e r  o r  synchronous d e t e c t o r  used t o  

d e t e c t  modulation. 

u s ing  only  one channel a t  a t i m e ,  o r  a l t e r n a t i v e l y ,  t o  use  t h e  beam i n f o r -  

mation only  t o  activate t r a n s i s t o r  g a t e s  w h i l e  high frequency s i g n a l s  are 

i n j e c t e d  by means of one ( o r  a few) t runk  s i g n a l  wires. 

An impor- 

While t r a n s i t  

It may be necessary t o  i n j e c t  high frequency s i g n a l s  

OTHER TECHNIQUES 

Another mechanism f o r  ob ta in ing  pad v o l t a g e  readout  would be  t o  u s e  

an  e l e c t r o n  mi r ro r  microscope along w i t h  a m u l t i p l e  microbeam a r r a y  f o r  

i n j e c t i n g  c u r r e n t s .  

microscope image, very  high bandwidth could be  achieved. Unfor tuna te ly  

however, t h e  e l e c t r o s t a t i c  o b j e c t i v e  l e n s  r equ i r ed  f o r  a mi r ro r  microscope 

seems incompatible  wi th  t h e  sho r t  f o c a l  l e n g t h  l ens  r equ i r ed  f o r  high 

energy microbeams. 

work on t h e  m i c r o c i r c u i t  from both s i d e s ;  microbeam i n p u t s  on one s i d e  and 

m i r r o r  microscope ou tpu t s  on t h e  o t h e r .  This  method of course would r e q u i r e  

ve ry  t h i n  c i r c u i t  ch ips  (which would be  d i f f i c u l t  and perhaps i m p r a c t i c a l  

from t h e  m i c r o c i r c u i t  p o i n t  of view). 

By t a k i n g  e l e c t r i c a l  r eadou t s  d i r e c t l y  from t h e  m i r r o r  

A p o s s i b l e  way t o  overcome t h i s  c o n f l i c t  might be t o  
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One o t h e r  method of i n j e c t i n g  m u l t i p l e  s i g n a l s  which does no t  r e q u i r e  

t h e  use  of modulation should perhaps b e  mentioned. 

t i p l i e r s  can now be  manufactured wi th  d iameters  down t o  a few microns,  

and such m u l t i p l i e r s  could be used t o  communicate d i r e c t l y  wi th  a micro- 

c i r c u i t .  

w i t h  a m i c r o c i r c u i t ,  s i n c e  t h e  channels are s m a l l  enough t o  b e  a b l e  t o  

focus  t h e i r  e n t i r e  ou tpu t  on a s i n g l e  pad. A t  p r e s e n t  t h i s  method does 

n o t  seem as a t t r a c t i v e  as those  a l r eady  d i scussed  because of problems of 

recovery t i m e  (due t o  d ischarg ing  of t h e  dynode s t r u c t u r e ) ,  l i m i t s  on out-  

pu t  c u r r e n t  due t o  space charge ,  and t h e  energy spread  of e l e c t r o n s  a t  

t h e  anode end (which makes focusing a t  a d i s t a n c e  d i f f i c u l t ) .  Some of 

t h e s e  l i m i t a t i o n s  might be  removed by des igning  new channel  m u l t i p l i e r s  

w i th  t h i s  u se  i n  mind. The method would have t h e  advantage of r e q u i r i n g  

no real e l e c t r o n  o p t i c s ,  wh i l e  t h e  power d i s s i p a t i o n  i n  t h e  c i r c u i t  i s  

reduced s i n c e  t h e  f i n a l  e l e c t r o n s  have ene rg ie s  of on ly  one t o  two hundred 

v o l t s .  Note t h a t  some MOS semiconductor c i r c u i t r y  can respond t o  charges  

on t h e  o r d e r  of t o  Coulombs, whi le  a channel  m u l t i p l i e r  can 

p rov ide  over  2 x l o 7  e l e c t r o n s  per p u l s e  ( 3 . 2  x 

w h i l e  r e p i t i t i o n  rates are low t h e  p u l s e s  themselves can b e  very f a s t .  

Channel m u l t i p l i e r s  might a l s o  be used i n  l a r g e  a r r a y s  t o  make a l a r g e  

area ca thode  which could conver t  a l i g h t  s i g n a l  i n t o  an  e l e c t r o n  s i g n a l  w i th  

moderate b r i g h t n e s s .  

Channel e l e c t r o n  mul- 

65-72 

Indeed,  t h e s e  m u l t i p l i e r s  could b e  used t o  communicate both ways 

Coulombs), and t h a t  
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diagram. 

- lo9 
- I O 8  
- lo7 

IO6 
- io5 
lo4 

- io3 
I O 2  

' I O '  
IO0  

, 10'' 

' lo-2 

v) e 
z 
a 
U 

> 
I- 
v) z 
w 

I- 
2 
w 

- 

n 

a 
a 
3 
0 

d e n s i t y  



-17- 

- IO" 
- IO"  
- 10'0,̂  

-10 0 
- I O 8  2; 
-10 z 
- I O 6  5 
- i o s  

4 k  
-I0 v) 

-10 w 
- IO'  
-10' 
- I O 0  a 
- IO" 
- lo-' 
- loo3 
- loo4 

9 s  

7 a  

3 2  
c) 

I- 

W 

a 

IO * 
IO I 

IO0 
n Io-' 
a loo2 
U 5 10-3 

I oo4 
!i 10-5 

E loo6 

= loo7 
lo-* 

a  IO-^ 

v) 

a 
0 

z 

I 0-l2 

I 0-13 
I 0-14 4 

0 1  2 3 4 S 6  IO IO IO IO IO IO IO 
BEAM VOLTAGE (VOLTS)  

Fig. 2 .  L imi t a t ions  on beam c u r r e n t  an$ c u r r e n t  d e n s i t y  as a 
em) s p o t  s i z e ,  f u n c t i o n  of beam v o l t a g e  f o r  a 1,000 A 

Note t h a t  t h e  perveance l i m i t  ha s  n o t  moved, bu t  t h a t  t h e  
b r i g h t n e s s  l i m i t  ha s  been re laxed  by more than  two o r d e r s  of 
magnitude. 
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a 1 micron cm) s p o t  s i z e .  For a temperature  r ise 
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and 100 amperes per  cm2 a r e  o b t a i n a b l e  i n  t h e  neighborhood 
of  1 t o  10 k i l o v o l t s .  
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Fig. 5. 
a f u n c t i o n  of beam v o l t a g e  f o r  a 100 micron 
s i z e .  
where i t  i s  comparable t o  the perveance l i m i t .  

L i m i t a t i o n s  on beam c u r r e n t  and c u r r e n t  d e n s i t y  as 

The b r i g h t n e s s  l i m i t  has  now re laxed  t o  t h e  poin t  
cm) s p o t  
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Fig .  7.  Secondary e l e c t r o n  y i e ld  as a func t ion  of primary 
e l e c t r o n  energy and r e l a t i v e  secondary c u r r e n t  as a f u n c t i o n  
of t h e  k i n e t i c  energy of the  secondary e l e c t r o n s .  The 
narrow peak near  Vp i s  due t o  r e f l e c t e d  p r imar i e s ,  t h e  broad 
peak near  zero  k i n e t i c  energy r e s u l t s  from t r u e  secondary 
e l e c t r o n s .  
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Fig. 8. Proposed multi-beam e l e c t r o n  gun geometry equipped w i t h  
a p o t e n t i a l  s enso r  based on secondary e l e c t r o n  emission. 
secondary d e t e c t o r  performs an  energy a n a l y s i s  on a l l  secondary 
e l e c t r o n s ,  wh i l e  t h e  r e s u l t i n g  s i g n a l  i s  sepa ra t ed  i n t o  com- 
ponents a s s o c i a t e d  w i t h  each s e p a r a t e  t a r g e t  by a synchronous 
d e t e c t o r  keyed t o  each e l e c t r o n  gun. The system can be  set up 
t o  i n j e c t  e i t h e r  v o l t a g e  o r  c u r r e n t  s i g n a l s  and s imul taneous ly  
sense  v o l t a g e  ou tpu t s  a t  predetermined p o i n t s  i n  t h e  micro- 
c i r c u i t .  A magnetic s h o r t  f o c a l  l e n g t h  l e n s  system must be  
used i f  c u r r e n t  l e v e l s  up t o  t h o s e  shown i n  Fig.  3 are d e s i r e d ,  

The 
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